ABSTRACT
A c c e p t e d M a n u s c r i p t and of to log ( )~log ( ), we found that our results perfectly fell on a 10 straight line with a slope of = 0.97±0.02. This fitting value of in ∝ 11 clearly suggests that skew scattering dominated the AHE in this granular 12 system. To explore the effect of the scattering on the AHE, we performed the 13 same measurements on annealed samples. We found that although both and 14 AHE significantly reduced after annealing, the correlation between t hem was 15 almost the same, which was confirmed by the fitted value, =0.99±0.03. These 16 data strongly suggest that the AHE originates from the skew scattering in Co - 17 MgO granular thin films no matter how strong the scattering of electrons by 18 the interfaces and defects is. This observation may be of importance to the 19 development of spintronic devices based on MgO. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1 The anomalous Hall effect (AHE) in ferromagnetic materials has been 2 investigated extensively in an effort to discover both the underlying physics 3 [1−3] and potential applications in magnetic field sensors [4, 5] where 0 is the ordinary Hall coefficient, is the anomalous Hall coefficient, 8 H is the applied magnetic field, and M is the magnetization perpendicular to 9 the film plane. Although it is well known that the mechanism of the ordinary 10 Hall effect is purely classical (i.e., it is a Lorenz force acting on moving 11 carriers), the mechanism(s) leading to the AHE, believed to be of quantum 12 mechanical origin, are still under debate. 13 Several theoretical models based on intrinsic and extrinsic mechanisms 14 have been proposed to interpret the origin of the AHE. Karplus and Luttinger 15 [1] first suggested that the AHE originates from interband coherence due to 16 spin-orbit coupling (SOC) of polarized conduction electrons in perfect 17 ferromagnetic crystals. They predicted a quadratic dependence of on the 18 longitudinal resistivity ( ), i.e., ∝ 2 , based on this mechanism. Since 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 impurities in the materials, their model has then been referred to as the 1 intrinsic mechanism of the AHE. In contrast to this model, Smit [2] argued 2 that the AHE should vanish in perfect crystals and proposed an extrinsic 3 mechanism model based on asymmetric scattering of electrons at impurities, 4 again caused by SOC. This asymmetric scattering has been then referred to as 5 skew scattering. In this model, the transverse current is proportional to the 6 longitudinal current driven by the electrical field and consequently a linear 7 dependence of on , ∝ , is predicted. Later, Berger [3] proposed 8 another model based on the extrinsic mechanism, the side-jump model. In this 9 model, the trajectories of scattered electrons at impurity sites shift to one side 10 due to the existence of SOC. Berger derived the quadratic dependence of the 11 AHE on the longitudinal resistivity as ∝ 2 based on the side-jump 12 mechanism. It should be noted that the scaling derived based on the extrinsic 13 side-jump mechanism was identical to that obtained based on the intrinsic 14 mechanism. 15 After the proposal of the Berry phase [6] , anomalous Hall conductivity 16 (AHC) was re-examined and ascribed to the sum of the Berry curvatures of the 17 occupied Bloch states [7, 8] . Intrinsic AHC was obtained by first-principles 18 calculations within a generalized gradient approximation in bcc Fe [ 9] , fcc Ni
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[10] and polycrystalline Co [11] , which quantitatively agree with experimental 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t < 1 was observed [20−22] . It is apparent that this scaling cannot be ascribed 1 to any of the current models for the AHE. Zhang [ 23] suggested that the 2 conventional scaling law is invalid when the layer thickness is of the same 3 order or smaller than the mean free path in multilayers. Zhang considered only 4 the side-jump effect of the electron scattering in the delta impurities but 5 neglected interfacial scattering. However, in metal-insulator granular systems, 6 the electrical transport properties must be dominated by the interfacial 7 scattering due to their nanostructured nature. The theoretical interpretation of 8 the observed scaling law, AHE ∝ , with < 1 remains elusive.
9
In metal-insulator thin films, SiO2 is the commonly used insulating material 10 to form percolated nano-granular materials with TMs for the study of the giant 11 Hall effect. The ideal case is that the metals and insulators are completely 12 separated by sharp interfaces and uniformly distributed in the materials. 13 However, interface mixing and reactions [24] between metals and SiO2 can not 14 easily be avoided in the process of co-sputtering deposition. Achieving an 15 ideal percolation system with minor interface mixing and reaction s in 16 experiments would improve the study of magneto-transport properties. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to determine the transport regimes is not completely reliable because TCR of 19 disordered alloys could be positive or negative [25, 26] . Zabrodskii et al [27] 20 A c c e p t e d M a n u s c r i p t
12
proposed a model to analyze temperature-dependent resistivity: with 47≤ ≤100. The resistivity ratio ( )/ (300K) is a useful empirical 13 parameter for quantifying the extent of disorder [28] . As shown in figure 2(b), 14 the ( )/ (300K) increases as x decreases, which clearly demonstrates 15 that there is more interfacial scattering in samples with lower x. At low 16 temperatures (e.g., 5 K) when phonon/magnon scattering can be ignored, the 17 interfacial scattering between Co and MgO dominates the electrical transport 18 properties and leads to a four-order increase in resistivity from sample =100 19 to =34. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t sharply at low fields and shows a weak and linear dependence on H at high 7 fields, which are typical behaviors of magnetic materials. We ascribe the weak 8 and linear field dependence of the AHE at high fields mainly to the ordinary 9 Hall resistivity where magnetization is saturated. The sign of AHE for all 10 samples is positive across the whole measured temperature range, which is 11 consistent with previous reports [ 29 , 30 ] . The sign of OHE is negative, 12 suggesting that electrons dominate transport properties. Figures 3(b) and (d) 13 give the field-dependent magnetization for the same samples presented for the 14 Hall resistivity measurements. The linear decrease in magnetization at high 15 fields is due to the diamagnetic contribution from the silicon substrates or/and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 temperature (~1400 K) of cobalt. Although is weakly temperature 1 dependent, is strongly temperature-dependent. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Cox(MgO)100-x system and contributions from intrinsic and/or side-jump 9 mechanisms could be easily excluded. 10 
11
D. The effect of annealing on the scaling relation of the AHE
12
As is well known, the conductivity of metal-insulator granular materials is 13 improved by annealing. This improved conductivity can be mainly ascribed to 14 the improved crystallinity and the enlarged size of the metal clusters [ 36] . 15 Modification of the interfaces between the metal and insulator ph ases may also 16 play an important role in improving the electrical conductivity. After annealing, 17 the interfaces normally become sharper than t hose in the as-prepared samples 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t metal clusters may also improve the metallic contacts between the metal 1 clusters. A reduced Hall effect in addition to improved conductivity has been 2 observed in Cu-SiO2 granular materials after annealing under proper 3 conditions [37] . Therefore, we annealed the Cox(MgO)100-x samples to explore 4 how the AHE and its scaling relation with longitudinal resistivity are affected 5 by variations in interfaces and microstructure changes. 6 We measured the temperature-dependent longitudinal resistivity of the 7 annealed samples at temperatures ranging from 5 K to 300 K with zero 8 magnetic field, as shown in figure S3 . Similar to those of the as-prepared 9 samples, the electrical properties of the annealed samples changed from 10 metallic to insulating conduction when x decreased from 100 to 34. All 11 samples became more conductive, i.e., their resistivity decreased after 12 annealing, indicating that the annealing process modified the electron 13 scattering mainly at the interfaces. The field-dependent Hall resistivity and 14 magnetization of all annealed samples were measured as in the as-prepared 15 samples. The results are shown in figure S4 . Interestingly, although the 16 saturation magnetization of each sample increased a fter annealing, the Hall 17 resistivity decreased, indicating that the AHE is more closely associated with 18 the longitudinal resistivity rather than with the magnetization. 19 To gain a deeper understanding of how the annealing affect s the transport The slightly larger exponent, = 0.99±0.03, in the annealed samples is closer 10 to 1 to indicate more obvious skew scattering. This might be ascribed to the 11 fact that the quality of the interfaces was improved after annealing. 12 We also note the scaling between and across more than four orders 13 in magnitude, suggesting that the scaling is demonstrable without any 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 19 be very interesting. 1 Overall, in both the as-prepared and annealed samples, the magnitude of 2 and AHE respectively increases by nearly four and three orders as x decreases 3 from 100 to 34 as shown in figures 6(a) and (b). Since these samples clearly 4 belong to a percolation system, it would be interesting to explore if these 5 and AHE data can be described by percolation theory. Based on percolation 6 theory [38, 39] , both the longitudinal resistivity and Hall resistivity scale with 7 the volume fraction of the metallic components, i.e., 
11
where is the classical percolation threshold and ( )is a critical exponent. 12 We least-squares fitted the data in figures 6(a) and (b) to equations (3) and (4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 21 precipitation of MgO from the metal granules and the deduction of the grain 1 boundaries due to the improved crystallinity. 4) the improved interfaces due 2 to the better separation of two materials and better crystallization of clusters. 3 The interfaces become smoother and sharper, which certainly reduces the 4 electron scattering in the cross-sections. Due to above factors, the percolation 5 threshold ( ) may decrease after annealing. For , the remains the same 6 after annealing, which may indicate that the effective volume fraction of the 7 metal did not increase although the conductivity of the metal clusters increased . 8 The decreases from 26 to 20 in AHE data after annealing, which suggests 9 the possible structure changes mentioned above. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 One important feature is that all − curves are irreversible under a high 12 applied field (up to 70 kOe), which could be due to the existence of the spin 13 glass phase [ 42 , 43 ] . We observed a vertical shift in FC hysteresis loops , 14 indicating the existence of pinned phases whose moments could not be 15 reversed even at 70 kOe. As seen in figure 7 , is almost zero in the ZFC − 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 high-conductivity metals, such as Ni with diluted impurities [16] and Fe with 10 light doping of Co, Cr, Mn and Si [44, 45] . It has been theoretically reported 11 that skew scattering dominates the AHE in the high-conductivity regime 12 ( >10 6 Ω -1 cm -1 ) [ 46 ] . In our Cox(MgO)100−x system, the longitudinal 13 conductivity spans the moderately dirty regime and the bad metal regime.
14 Indeed, skew scattering was still found to dominate the AHE across the whole 15 range. 16 As reported in the literatures, the intrinsic mechanism was significantly 17 suppressed in ultrathin epitaxial Fe films [ 15, 47 ] because the intrinsic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 24 have a highly disordered structure as confirmed by XRD patterns (not shown), 1 we could completely neglect the interband coherence effects. Furthermore, 2 when the size of the clusters becomes small enough, the energy bands can be 3 greatly altered (the finite size effect). Therefore, it is easy to understand why 4 skew scattering dominated the AHE from the perspective of traditional 5 Boltzmann transport theory. However, to our best knowledge, this is the first 6 time that the linear dependence of on has been observed in granular thin 7 films across a wide range in longitudinal resistiv ity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 25 annealed samples. This is the key result of this work which suggests a skew 1 scattering dominated mechanism in Cox(MgO)100−x granular thin films, which 2 requires further theoretical investigation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 32 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 34 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 36 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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